Introduction
During embryonic development, the pancreas is derived from the endoderm. The pancreas is an exocrine gland that secretes pancreatic juice containing digestive enzymes into the gastrointestinal tract, but it has additional endocrine functions in all vertebrates from amphibians onward (Heller, 2010) . The endocrine cells of the pancreas form masses called islets of Langerhans (pancreatic islets) (In't Veld and Marichal, 2010) . All of the hormones secreted by the pancreatic islets are involved in regulating metabolism, and the blood glucose concentration is maintained within a relatively narrow range as a result of their actions. While glucose is the principal carbohydrate in the blood and is an important nutrient that carries energy to every part of the body, excessively high blood glucose levels cause fatal damage to variety of organs (Stolar, 2010) . Insulin is a hormone produced by pancreatic b-cells that has the unique action of lowering blood glucose, and thus is an especially important hormone for sustaining life.
Pancreatic b-cells synthesize and secrete insulin in response to an increase of the blood glucose level in order to maintain it within the normal range. When a state arises in which the control of blood glucose becomes impossible due to an absolute deficiency of insulin resulting from loss or dysfunction of pancreatic b-cells, or because of increased peripheral resistance to the actions of insulin, diabetes mellitus is diagnosed. If hyperglycemia persists for a long period, complications such as neuropathy, retinopathy, and nephropathy can occur, along with organ dysfunction or lower limb gangrene (amputation) resulting from vascular disease. Such complications are a major obstacle to the diabetic patient enjoying daily activities and health, as well as threatening survival, so treatment of diabetes is extremely important (Dailey, 2011) . Insulin was first obtained in 1921, and it has since been used by a very large number of diabetic patients. In recent years, drugs that stimulate insulin secretion or improve insulin resistance have been developed, and it has become possible to better regulate the blood glucose level of diabetic patients (Tahrani et al., 2011) . However, daily blood glucose monitoring and insulin injections are still required if a patient's insulin production is exhausted, as occurs with type 1 diabetes or advanced type 2 diabetes, and alleviating this burden has become an objective of antidiabetic therapy. Moreover, insulin has other functions besides regulating blood glucose levels, so maintenance of basal insulin secretion is also very important (Niswender, 2011) .
Because pancreatic b-cells do not simply produce and secrete insulin at a constant rate, but supply the amount needed in a timely manner, insulin dependence is expected to be alleviated by transplanting the pancreas, by regenerating pancreatic b-cells, or by transplanting pancreatic islets. With the objective of reducing surgical stress on the patient, research into pancreatic islet transplantation has been ongoing for many years (Emamaullee and Shapiro, 2008) . After the Edmonton protocol modified the immunosuppressant regimen (Shapiro et al., 2000) , pancreatic islet transplantation has been widely adopted in recent years. Although long-term freedom from insulin therapy has not been achieved so far, improvement of glycemic control is seen in many cases. However, due to the failure of some islets to function after transplantation, pancreatic islets from more than one donor are needed to treat each patient in order to ensure efficacy. Therefore, a shortage of donors has become a problem. Since pancreatic islet transplantation is performed for the treatment of chronic pancreatitis associated with extreme pain, as well as for diabetes, technical improvements to this therapy are ongoing (Matsumoto, 2011) .
Pancreatic b-cell regeneration is one of the technologies that has attracted attention for overcoming the shortage of pancreatic islet donors (Guo and Hebrock, 2009; Weir et al., 2011 , Wen et al., 2011 . Because of the difficulty in culturing pancreatic b-cells harvested from donors and maintaining their properties during proliferation, other sources of cells for transplantation have been explored. Recently, development of methods for inducing functional pancreatic b-cells from easily grown undifferentiated cells, such as human ES cells (Thomson et al., 1998) or the recently discovered human induced pluripotent stem cells (iPS) (Takahashi et al., 2007; Yu et al., 2007; Okita et al., 2011) , has been investigated worldwide (Weir et al., 2011; Wen et al., 2011) . Since pancreatic b-cells have the unique property of synthesizing and secreting insulin in response to an increase of the blood glucose concentration, inducing the differentiation of these cells is also interesting from a scientific standpoint.
Structure and development of the pancreas and pancreatic islets
Before conducting research on regeneration of the pancreas and pancreatic islets, it is necessary to understand their structure and development. There have already been many reviews published on the differentiation of the pancreas and the pancreatic endocrine system (Murtaugh, 2007; Oliver-Krasinski and Stoffers, 2008; Puri and Hebrok, 2010; Pan and Wright, 2011) . However, the important points described below have not been addressed in many of these review articles.
Insulin is a hormone that is widely present in the animal kingdom. In lower animals, cells that secrete insulin are located in the digestive tract instead of the pancreas (Heller, 2010) . However, in cyclostomes (Cyclostomata) such as the lamprey, cells that secrete insulin form pancreatic islet-like structures located outside the digestive tract. In higher animals, starting with cartilaginous fish (Chondrichthyes), these cells form pancreatic islets (Heller, 2010) . From an evolutionary standpoint, pancreatic endocrine cells are likely to have evolved to produce cell clusters because this morphology is suited to performing their functions efficiently (Madsen, 2007; Heller, 2010) . Consistent with these phylogenetic findings, it has been shown that endocrine cell clusters are formed in the mammalian pancreas by migration of cells from the pancreatic epithelium during embryonic development. It has long been known from morphological observation that the islets are formed from the pancreatic epithelium, but the mechanism was only elucidated recently (Greiner et al., 2009) . Although migration has an important role in the development of the pancreatic endocrine system, promoting migration in the adult pancreas seemed to be difficult because its structure has been established. We considered that this could be one of the barriers hampering regeneration of the pancreatic endocrine system. The signals that stimulate pancreatic endocrine cells to migrate during embryonic development are not clear, but the G protein-coupled receptor and its ligand sphingosine-1-phosphate have recently been reported to be involved in this process (Serafimidis et al., 2011) .
There are interspecies differences in the morphology of the pancreas. For example, there is a marked difference in the appearance of the pancreas between rodents and humans. The rodent pancreas is distributed in a reticular pattern along the mesentery, whereas the pancreas is a discrete wedge-shaped organ in humans. The liver is an organ that actively regenerates and it has a highly developed vascular network. On the other hand the human pancreas has a characteristic vascular system based on the peripancreatic arter- ies (Okahara et al., 2010) , and compartmentalization of its blood supply may also be an obstacle to regeneration. The pancreas is usually formed by fusion of two primordia, which are known as the dorsal and ventral pancreatic buds, but in the Asian house shrew (Suncus murinus) the two buds do not merge (Yi et al., 2003) . In organ cultures of rat pancreatic primordia, merging of the left and right lobes is not seen either (Spooner et al., 1970) . Anatomical comparison between the Asian house shrew and humans has shown that even if the two parts of the pancreas merge, the anatomy of the blood vessels, lymphatics, and nerves in the portions derived from the right and left primordia are different (Yi et al., 2003) . In addition, pancreatic polypeptide (PP) cells are found in the right lobe, but are rare in the left lobe (Gersell et al., 1979) . In fact, two different types of pancreatic islets are observed during human fetal development, with one type containing few PP cells and the other being almost entirely composed of PP cells (Riedel et al., 2011) . This also emphasizes the importance of taking difference between the left and right lobes into account when studying pancreatic differentiation and function. The structure of the pancreatic islets varies among animal species. Pancreatic endocrine cells have evolved from being predominantly b-cells to form complex aggregates of 5 different types of endocrine cells (Heller, 2010) . The pancreatic islets of rodents have a so-called "mantle-core structure," with b-cells located at the center and surrounded by a-cells, whereas the b-cells and a-cells are intermingled in humans ( Fig. 1) (Brissova et al., 2005) . Since the pancreatic islets of pigs appear to have aggregates of small mantle-core structures and the pancreatic isles of monkeys are very generation of the pancreas. However, ethical considerations make it impossible to confirm these findings in humans. Since all that can be done is to extrapolate from research performed in animals, attention needs to be paid to potential interspecies differences.
Blood
Since it is also ethically impossible to modify human genes to investigate pancreatic development in vivo, anatomical studies have provided the majority of our knowledge about differentiation of the human pancreas. On the other hand, transplantation of pancreatic primordia (excised from human embryos) under the renal capsules of experimental animals allows the process of organogenesis to be observed (Fig. 2) . In animal studies, pulse labeling with the nucleic acid analog bromodeoxyuridine (BrdU) by adding it to drinking water allows assessment of cell proliferation in situ. In humans, such studies cannot be performed directly and we can only investigate proliferation after subrenal capsule transplantation of the pancreas into animals. In mice, the b-cells of adults are reported to have the ability to regenerate (Brennand et al., 2007) . On the other hand, studies of the human pancreas have shown that cells expressing NGN3 are not labeled by BrdU (Castaing et al., 2005) , suggesting that the size of the pancreatic endocrine system has been determined by that stage. A functional human b-cell line was recently established by viral immortalization of differentiating cells in the proliferative phase grown under the renal capsule (Ravassard et al., 2011) . There are still many restrictions regarding research on human embryos. In order to conduct more detailed research on human pancreatic development, it will be necessary to produce pancreata by culture of multipotent stem cells, such as ES/iPS cells, rather than by harvesting from embryos. 
Animal cap

Pancreatic buds autonomously differentiate into pancreatic tissue when isolated and grafted under the kidney capsule in immunodeficient mice (dotted line). In vitro, the animal caps of Xenopus blastulas and embryoid body-like spheres of mouse ES cells can also undergo differentiation into pancreatic tissue (top). Methods for specific induction of b-cells have been explored by utilizing ES/iPS cells and somatic stem cells (right).
similar in morphology to those of humans (Brissova et al., 2005) , the arrangement of endocrine cells in the islets appears to have changed during the course of evolution. There are other structural components of the pancreatic islets, including blood vessels and nerves (In't Veld and Marichal, 2010) . Whereas the pancreatic endocrine cells of rodents are densely innervated by autonomic nerves, human pancreatic endocrine cells receive hardly any direct autonomic innervation ( Fig. 1 ) (Rodriguez-Diaz et al., 2011) . In contrast to the endocrine cells, the blood vessels of rodent pancreatic islets only have a sparse nerve supply, whereas the vessels of human pancreatic islets show dense innervation ( Fig. 1 ) (Rodriguez-Diaz et al., 2011) . These findings indicate that the role of the autonomic nervous system in regulating pancreatic function differs between humans and rodents.
Differentiation of the pancreas
Knowledge about pancreatic development has been applied to a variety of approaches toward inducing cultured stem cells to differentiate into pancreatic b-cells with the aim of developing regenerative medicine for diabetes. Attempts have also been made to promote the proliferation of endogenous pancreatic b-cells and to induce differentiation of b-cells from precursor cells or stem cells in situ. Knowledge obtained from investigation of genetically modified animals, in particular, has contributed to elucidating the mechanisms involved in differentiation and re-acid or physical manipulation, it is possible to induce differentiation of 22 different viscera and organs from animal caps. Since reproducible results are obtained with animal caps, sequential sampling and gene expression profiling has allowed us to create gene expression road maps for organogenesis and to discover new markers of pancreatic differentiation (Kurisaki et al., 2010) . Combined treatment with activin and retinoic acid was subsequently applied to mouse ES cells, and production of a mammalian pancreas was successfully achieved (Nakanishi et al., 2007) . When mouse ES cells were allowed to form embryoid body-like spheres (EBSs) and then were treated with activin and retinoic acid, pancreatic tissue was formed that contained both exocrine and endocrine cells (Fig. 2) . Unlike an embryoid body (EB), which is formed by the reaggregation of enzymatically dissociated ES cells, an EBS is derived from a single ES cell. Since EBSs are formed without destroying intercellular adhesions, and their structure is closer to that of the Xenopus animal cap or early mouse embryo, they seem to have some advantages for achieving pancreatic differentiation. It is easy to create EBSs from mouse ES cells, but it is difficult to stimulate human ES cells to form masses of undifferentiated cells. These differing properties of human and mouse ES cells have been explained by their origin at different embryological stages. When mouse epistem cells (EpiSCs) were established from more advanced embryos than the post-implantation embryos used as the source of ES cells, their properties closely resembled those of human ES cells (similar morphology, independence from LIF, and dependence on bFGF to maintain pluripotency, etc.) (Tesar et al., 2007) . Mouse ES cells have both chimera-forming and teratomaforming properties, whereas mouse EpiSCs can form teratomas but not chimeras. In the past, it was thought that rat ES cells did not show chimera-forming ability, but chimeras were recently established from these cells by blocking differentiation signals with low molecular weight compounds (Buehr et al., 2008; Li et al., 2008) . Based on these findings, two phases of pluripotency known as "naïve" and "primed" have been recognized (Nichols and Smith, 2009) . During the blastocyst stage of embryogenesis, unrestricted (naïve) cells are thought to be generated first and then these cells are prepared for lineage commitment (primed). Their properties are duplicated by those of cultured ES cells and EpiSCs. Recently, the optimum culture conditions were reported for rapid phenotypic conversion of human ES cells from primed to naïve cells (Gu et al., 2012) . If naïve human ES/iPS cells become routinely available, such cells would be useful for conducting research on in vitro organogenesis through the formation of EBS.
Since a pancreas containing both exocrine cells and endocrine cells can be formed in renal capsule at a site that is completely different from its anatomic location (Castaing et al., 2005) , it is assumed that neural involvement is not essential for differentiation of the pancreatic endocrine system. Moreover, since undifferentiated Xenopus animal caps and mouse ES cells can be selectively induced to differentiate into a functional pancreas in vitro (Moriya et al., 2000a , 2000b , Nakanishi et al., 2007 , the circulatory system does not seem to be essential either. On the other hand, the vascular endothelial system is very important for organ development (Crivellato et al., 2007) , and differentiation of the endocrine system as well as early differentiation of the pancreas are regulated by signals from blood vessels (Lammert et al., 2001) . In contrast, blood vessels are attracted to the pancreatic islets by the secretion of signaling molecules such as IL-1b (Shchors et al., 2006) . The mesenchyme also has an important role in pancreatic development (Scharfmann, 2000) . To achieve the growth of pancreatic tissue or sufficient endocrine cells for use in treating diabetes, it may be necessary to modify the protocol to stimulate organogenesis, such as by promotion of 
treated with various concentrations of activin A, followed by dissociation and re-aggregation (D&R), and then by sandwiching with untreated caps (Sd). This results in induction of various organs. By combining activin A with retinoic acid, other organs can be induced, including the pancreas. A high concentration of activin A is effective at inducing endodermal organs, but subsequent treatment with retinoic acid is necessary for pancreatic differentiation. It has become possible to induce the differentiation of 22 different organs through these strategies.
Selective differentiation of vertebrate multipotent stem cells to form the pancreas in vitro was first demonstrated in a study of the blastular undifferentiated cell mass (animal cap) in Xenopus laevis (Fig. 2 ) (Moriya et al., 2000a (Moriya et al., , 2000b . Animal caps can be efficiently differentiated into pancreas-like tissue by incubation with a high concentration of activin, subsequent treatment with retinoic acid, and further culture (Fig. 3) . The tissue thus obtained has been confirmed to express insulin and glucagon. Acinar-like cells containing secretory granules have also been identified, confirming that undifferentiated cells can differentiate into pancreatic tissue in vitro. By optimizing the concentrations of activin and retinoic acid, differentiation of a variety of organs can be induced from the animal cap (Asashima et al., 2009) . When an animal cap is cultured without stimulation, it becomes amorphous epidermis, but treatment with a low concentration of activin induces blood islands and muscles. When an animal cap is treated with a higher concentration activin, differentiation of the notochord and endodermal cells are also induced. By combining activin with retinoic angiogenesis, separately from determining the fate of the pancreatic and endocrine lineages.
In another study, rat ES/iPS cells were injected into mouse embryos that had lost the ability to form a pancreas by genetic modification, and production of a xenogenic pancreas by "blastocyst complementation" was achieved (Kobayashi et al., 2010) . Theoretically, it is also possible for this to be done in large animals, such as pigs.
There are ethical problems with producing human-animal chimera embryos. There are also challenges related to their practical use, because it is difficult to completely remove cells derived from the host such as vascular cells. However, if it were possible to produce a human pancreas in this way, it would be an important tool for diabetes research as well as for clinical application.
Selective induction of the differentiation of ES/iPS cells into pancreatic b-cells
Mouse ES cells were initially used to develop a method for
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Fig. 4. Methods for obtaining pancreatic b-cells from human ES/iPS cells. The steps of each protocol are aligned based on the use of cytokines, low molecular weight compounds, and supplements for the culture medium. Activin and retinoic acid are denoted by red and blue letters, respectively. Since the protocols reported by Shin et al., and Nostro et al., contain the steps to treat the cells after formation of embryoid bodies, notes are provided in parentheses. FBS, fetal bovine serum; FGF, fibroblast growth factor; DAPT, N-(N-((3,5-Difluorophenyl)acetyl)-L-alanyl)-L-phenylglycine tert-butyl ester; IGF, insulin-like growth factor; HGF, hepatocyte growth factor; KGF, keratinocyte growth factor; KAAD-CYC, 3-Keto-N-(aminoethyl-aminocaproyl-dihydrocinnamoyl) cyclopamine, ILV, (-)-Indolactam V; GLP, glucagon-like peptide; BMP, bone morphogenetic protein; VEGF, vascular endothelial growth factor.
selectively inducing ES cells to differentiate into pancreatic b-cells (Lumelsky et al., 2001; Soria 2001; Blyszczuk et al., 2004) , but research on human ES cells and iPS cells has now become the mainstream. Nevertheless, mouse ES cells have the advantages of easy genetic modification and conversion to cell lines, and are suitable for detailed analysis of differentiation mechanisms . Because the findings obtained with mouse ES cell-derived cells can be easily translated into animal experiments, their importance to basic research remains unchallenged.
Numerous methods of inducing human ES cells to differentiate into insulin-producing cells have been reported (Fig. 4) . Using activin to induce the differentiation of undifferentiated ES cells into endoderm and induction of pancreatic differentiation by combining retinoic acid with another factor are important elements that are common to almost all of the methods (Fig. 4) (D'Amour et al., 2006; Kroon et al., 2008; Chen et al., 2009; Thatava et al., 2011) . Differentiation of glucagon-producing cells by a similar method has also been reported (Rezania et al., 2011) . It is possible to induce pancreatic differentiation of mouse EBSs by simultaneous stimulation with activin and retinoic acid (Nakanishi et al., 2007) , but it seems necessary to treat human ES cells with these factors sequentially. Treatment with activin and retinoic acid has also been performed separately in studies on inducing human ES cells to differentiate via formation of EBs (Shim et al., 2007; Nostro et al., 2011) . This difference between humans and mice seems likely to be attributable to the differing embryonic stages when human and mouse ES cells originate, as mentioned above. It would be helpful to conduct studies with mouse EpiSCs to confirm this point.
Because of differences in properties among human ES cell lines, it has been pointed out that it is necessary to find lines that easily show pancreatic differentiation (Osafune et al., 2008) . (Fig. 5 ) by screening for low molecular compounds to stimulate each stage of differentiation (e.g., by combining them with activin, retinoic acid, etc.) (Kunisada et al., 2012) . The special feature of their method is that insulin-producing cells are obtained with similar efficiency when different human iPS cell lines are used. Its versatility has been confirmed with multiple iPS cell lines that differed in terms of donor age, gender, and reprogramming method, but no studies have yet been carried out on human ES cells. Besides insulin, cells that produced glucagon, somatostatin, and ghrelin were observed among the pancreatic endocrine cells induced by this method, but no cells producing PP were detected. The unevenness of PP cell distribution in the pancreas was mentioned above, and it is possible that induction of tissue corresponding to the left lobe of the pancreas (which contains PP cells) may require different signals.
Kunisada et al., recently developed a method of inducing human iPS cells to differentiate into insulin-producing cells
It has been reported that it is possible to regulate pancreatic differentiation with low molecular weight compounds like histone deacetylase (HDAC) inhibitors (Haumaitre et al., 2009) , and such compounds have been reported to be effective for increasing the efficiency of differentiating human ES cells and iPS cells into insulin-producing cells. Chen et al., reported that (-)-indolactam V was a compound that efficiently induced human ES cells to differentiate into PDX1-expressing cells ). In the method described by Kunisada et al., PDX1 expression was induced when SOX17-positive endodermal cells were exposed to retinoic acid and dorsomorphin (a BMP type I receptor inhibitor), while differentiation proceeded as far as NGN3-positive pancreatic endocrine precursor cells when SB431542 (a TGFb type I receptor inhibitor) was added at the same time (Fig. 5) (Kunisada et al., 2012) . Moreover, use of ALK5 inhibitor II has been reported in a pancreatic a-cell differentiation system. Because Hedgehog expression is inhibited in the pancreatic primordium compared with surrounding organs, two Hedgehog signal inhibitors (cyclopamine and KADD-cyclopamine) have been used in many other methods (D'Amour et al., 2006 (D'Amour et al., , 2007 Kroon et al., 2008; Chen et al., 2009; Thatava et al., 2011; Nostro et al., 2011; Rezania et al., 2011) .
A detailed function comparison between human pancreatic b-cells and insulin-producing cells that had been differentiated from human ES cells was reported (Basford et al., 2011) . Gene expression profiling revealed that genes related to b-cell functions, such as glucose sensing and exocytosis, were expressed in both types of cells, as were specific transcriptional factors involved in the pancreatic endocrine system. However, the insulin-producing cells differentiated in vitro also expressed glucagon and glucose responsiveness was not detected. Such features resembled those of undifferentiated endocrine cells that emerge during embryonic development. Nevertheless, the finding that the insulin-producing cells differentiated in vitro were not homogeneous suggests the possibility of obtaining cells that would be useful for cell therapy by purification based on differences of their properties (Basford et al., 2011) . Moreover, long-term survival and functioning in vivo were reported when pancreatic islet-like structures were prepared from insulin-producing cells that had been differentiated from human ES cells and transplanted into animals with diabetes (Eshpeter et al., 2008) . The ability of ES cells and iPS cells to differentiate into insulin-producing cells has been verified by many reports. However, no routine method for inducing functional maturation in vivo or in vitro has been established so far. 
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Differentiation of somatic stem cells into pancreatic b-cells
There are some problems with human ES cells, such as changes in the number of chromosomes as a result of repeated subculture, that do not arise with mouse ES cells. There is also the ethical problem of using fertilized eggs in the establishment of human ES cells. Since fertilized eggs are not required, the ethical hurdle is low for human iPS cells. However, standardization of iPS is more difficult than for human ES cells, because of diversity in the efficiency and accuracy of reprogramming. Since the possibility of ES cells or iPS cells forming teratomas has been pointed out, it seems necessary to eliminate undifferentiated cells as completely as possible. This is always a problem with ES/iPS cells that are produced artificially. On the other hand, inducing endocrine differentiation has been attempted by transdifferentiation of acinar cells and pancreatic duct cells. Zhou et al., showed that it is possible to reprogram acinar cells to become pancreatic b-cells in vivo by introducing 3 transcriptional factors (NGN3, PDX1, and MAFA) (Zhou et al., 2008) . It has also been reported that transdifferentiation of a-cells into b-cells can be done in vivo (Courtney et al., 2011) . These artificial transdifferentiation methods also appear to have the same problem as iPS cells in relation to safety associated with reprogramming, so investigation of the use of endogenous stem cells is also very important.
Before ES cells or iPS cells were discovered, primary culture of pancreatic islets and other pancreatic cells was performed (Campbell, et al., 1985; Bonner-Weir et al., 2004; Baeyens and Bouwens, 2008 ) to obtain cell lines (Itkin-Ansari et al., 2003) and precursor cells with the ability to proliferate during embryonic development (Xia et al., 2009) , and the use of such cells in regenerative medicine for diabetes was investigated. However, none of these methods ever reached the point of practical application. Studies of umbilical cord blood or bone marrow-derived stem cells, pancreatic duct epithelial cells, acinar cells, and hepatocytes have been widely performed (Aguayo-Mazzucato and Bonner-Weir, 2010) , and attempts to obtain stem cells from the pancreas itself are continuing (Jiang and Moraham, 2011) .
A blood glucose-lowering effect was reported when bone marrow-derived stem cells were administered to animals with diabetes (Hess et al., 2003) . Improvement of pathology was reported when mouse bone marrow-derived stem cells were differentiated into insulin-producing cells in vitro and then injected into diabetic animals (Tang et al., 2004) . Many aspects of the mechanism by which bone marrow-derived cells differentiate directly into pancreatic cells are unknown, but there have been various reports about improvement of diabetes and recovery of pancreatic b-cell function as a result of treatment with bone marrow-derived stem cells. Therefore, research on stem cells as a method of treating diabetes is continuing (Ciceri and Piemonti, 2010) . Transdifferentiation into insulin-producing cells after introduction of the PDX1 gene into human bone marrow-derived mesenchymal stem cells has also been reported . On the other hand, it was reported that the pancreatic b-cells of recipients of bone marrow cell transplantation did not regenerate in response to stimulation (Hamamoto et al., 2010) . In addition to bone marrow-derived mesenchymal stem cells, adipose-tissue derived mesenchymal stem cells have also been reported to display multipotent differentiation into a variety of tissues (Zuk et al., 2002) . Moreover, it has been reported that human adipose-tissue derived mesenchymal stem cells can be induced to differentiate into pancreatic hormone-expressing cells in vitro (Timper et al., 2006) . Kajiyama et al., recently performed intravenous injection of adipose-tissue derived stem cells into which the PDX1 gene had been introduced, and showed that these cells colonized the pancreas and differentiated into insulinproducing cells (Kajiyama et al., 2010) . As shown by research at the organogenetic stage, pancreatic endocrine precursor cells lose their ability to proliferate once NGN3 is expressed (Castaing et al., 2005) . Thus, introduction of PDX1 alone (without NGN3 or MAFA) may be effective. Since verification by transplantation is impossible in humans, it would seem necessary to conduct transplantation studies in experimental animals and to proceed with this research cautiously before attempting clinical application.
More recently, it was reported that it is possible to induce insulin expression by cells from outside the pancreatic lineage, such as dental pulp, umbilical cord, amniotic fluid, and neural stem cells, even without pancreatic cell gene transfer (Govindasamy et al., 2011; Kadam and Bhonde, 2010; Trovato et al., 2009; Kuwabara et al., 2011) . Even prior to these studies, it was reported that cells expressing the neural stem cell marker nestin can be differentiated into insulin-producing cells (Lumelsky et al., 2001) , although the possibility of this result being an artifact was raised (Hansson et al., 2004) . However, a recent study showed that the cytokine Wnt3, which is secreted in a paracrine manner by neural stem cells, induces insulin expression via NeuroD and is inhibited by IGFBP-4 (Kuwabara et al., 2011) . Since neural cells and pancreatic b-cells are similar in various respects (Arntfield and van der Kooy, 2011) , it seems that neural stem cells may also be a candidate source of insulin-expressing cells.
Future prospects and challenges
It is necessary to pay meticulous attention to quality control when cells are used for medical purposes. While human iPS cells have the advantage of being prepared from the patients themselves , it is still important to draw up criteria for cells that can be used clinically, such as the extent of reprogramming. It might be more practical to bank cells, including human ES cells, for which safety has been confirmed and which show tissue compatibility to some extent (Nakatsuji 2010) . After stem cells are isolated for cultivation, components of animal origin in the media must be removed as much as possible. In addition to serum depletion, attention should be paid to components such as the extracellular matrix, culture medium supplements, and enzymes used for cell harvesting. It would be preferable for clinical grade cells, from which various possible contaminants have been eliminated, to be available for both basic research and clinical research. In addition, because there is concern about tumor formation as a result of contamination by cells that have not been adequately differentiated, it also seems necessary to establish criteria for cell purity. The current status of potential cell-based therapies for type I diabetes is summarized in Table 1 .
Since pancreatic islet transplantation is currently performed intrahepatically by intravenous infusion into the portal vein, the burden on the patient is low. However, due to many factors, including islet quality, poor oxygen supply, and induction of an immune response, the survival rate of pancreatic islets after transplantation is not high enough, so islet transplantation is not very efficient.
Since the quality of pancreatic islets depends on the health of the donor, the donor's medications, and the method of islet preparation, it is particularly difficult to evaluate the likely outcome in individual clinical cases (Berney and Toso, 2006) . For this reason, transplantation usually has to be done more than once. A study conducted in rats suggested that transplantation into the pancreas had a greater therapeutic effect on diabetes, requiring fewer islets than infusion into the portal vein for hepatic transplantation (Stagner et al., 2008) . However, the high invasiveness of intrapancreatic transplantation and the risk of causing pancreatitis have been pointed out as problems that could inhibit clinical application (Rajab, 2010) . Other sites for transplantation, including the spleen and peritoneum, have also been tried, but there are pros and cons for each of them and an optimal site for islet transplantation has not been established (Rajab, 2010) . By utilizing devices that achieve immunological isolation by encapsulation, pancreatic islets or bcells of animal origin can also be transplanted, but their long-term use would seem difficult at present.
As reported by Kajiyama et al., if injecting cells into a peripheral vein for colonization and differentiation in the pancreas were possible in humans, the issue of the transplantation site could be solved (Kajiyama et al., 2010) . It has long been known that mesenchymal stem cells enter the bloodstream and home to sites of injury, but the mechanisms of their homing and migration through the vessel walls have been unclear (Sordi, 2009 ). However, cross-talk by CXCR4-CXCL12 and CX3CR1-CX3CL1 in bone marrow-derived mesenchymal stem cells and pancreatic islets has been found to be involved, and mesenchymal stem cells expressing these receptors have been isolated from human pancreatic islets (Sordi et al., 2005) . Thus, utilizing a delivery mechanism that already exists in the body is an advantage of mesenchymal stem cells that ES/ iPS cells do not possess. In order to apply these cells clinically, however, extensive verification experiments would be necessary in order to be able to guarantee safety and effectiveness. Nevertheless, since the process only involves transfer of a single gene into autogenous cells, quality control seems to be simple in comparison with monitoring cells that have been in long-term culture. Assessing methods of introducing gene expression vectors that are not integrated into chromosomes and substitution by proteins and low molecular compounds are tasks for future studies.
Utilization of low molecular weight compounds to regulate cell differentiation is useful and convenient. As described in the reviews by Lyssiotis et al., and Li et al. , many compounds can be useful for regulating differentiation and for reprogramming cells (Lyssiotis et al., 2011; Li et al., 2011) . The mechanisms of action of some compounds that regulate stem cell differentiation are already known, and the target molecules have been identified for some others. Compounds like the latter are particularly linked to elucidating new cell regulation mechanisms, including the induction of differentiation. Future studies of such compounds could lead to the development of drugs that stimulate organ regeneration by acting on endogenous stem cells. Pancreatic b-cell hyperplasia, proliferation, and neogenesis may occur in relation to pregnancy, obesity, and pancreatic b-cell damage, but these processes are reported to differ between humans and rodents (Rieck and Kaestner, 2010) , so it will be necessary to proceed very carefully with research. Pancreatic b-cell proliferation has not been observed in humans with pregnancy or type 2 diabetes (Rieck and Kaestner, 2010) . If it is possible to find a factor that inhibits human pancreatic b-cell proliferation, like the discovery of reprogramming factor for iPS cell generation, we think that low molecular weight drugs for pancreatic regeneration might also be developed.
The availability of mature and functional human pancreatic b-cells is very important, not only for cell therapy, but also for the development of drugs to treat diabetes. Pancreatic islets have already been used to conduct research, but as with pancreatic islet transplantation, damage as a result of harvesting (Kin et al., 2007) is a concern. Moreover, there have been many reports regarding primary culture, but unfortunately a practical protocol has never been established for culturing islets that are functionally intact. Even though many cell lines are available, it seems to be difficult to establish pancreatic b-cells that properly retain their functions in vitro. Cell lines like INS-1 (Asfari et al., 1992) and MIN6 (Miyazaki et al., 1990) have been established from rodents, and have made a large contribution to pancreatic b-cell research. After various attempts to establish human cell lines from endocrine tumors like insulinomas over a long period, EndoC-bH1 cells were recently reported as a functional human pancreatic b-cell line (Ravassard et al., 2011) . However, this only emphasizes that it is very difficult to culture human pancreatic b-cells for use as a drug discovery tool. The rise in healthcare costs as a result of the increase in diabetic patients will cause economic problems in the near future. Therefore, the prevention and cure of diabetes are extremely important from a healthcare economic perspective as well (Boqaert and Schrier, 2011) . Moreover, insulin has other important functions besides its role in blood glucose regulation, so the preservation of basal insulin secretion is also required (Niswender, 2011) . Restoring or maintaining the function of residual pancreatic b-cells is expected to reduce healthcare costs as well as preventing the progression of diabetes. Accordingly, we need human pancreatic b-cells prepared in vitro from undifferentiated cells as a drug discovery tool. The discovery and development of antidiabetic drugs is continuing with a focus on preserving or restoring the function of pancreatic islets that have been damaged by a variety of causes, including hyperglycemia.
Conclusion
Inducing the differentiation of pancreatic b-cells in vitro has been achieved as a result of various avenues of research. Selective induction of undifferentiated stem cells into cells that perform special functions such as pancreatic b-cells is very interesting from an academic standpoint. However, patients are looking forward to the establishment of a method of inducing pancreatic b-cell differentiation for the treatment of diabetes. As a result of continuing efforts, progress is being made in research aiming at the development of cell therapy for diabetes instead of pancreatic islet transplantation. This review has covered recent developments as far as possible.
We hope it will be helpful for understanding which problems have been solved already and which problems remain to be tackled.
